Introduction
Phenol and related compounds are major environmenThis study focuses on the genetic and biochemical characterization of phenol hydroxylase (Phe, NCgl2588) from Corynebacterium glutamicum that shares 31% identity in amino acids with phenol hydroxylase from yeast Trichosporon cutaneum but less similarity with that from bacteria. The phe deletion mutant significantly reduced its ability to grow with phenol as the sole carbon and energy source. Expression of the phe gene was strongly induced with phenol and also subject to the control of carbon catabolite repression (CCR). The molecular weight of purified Phe protein determined by gel filtration chromatography was 70 kDa, indicating that Phe exists as a monomer in the purification condition. However, Phe protein pre-incubated with phenol showed a molecular weight of 140 kDa, suggesting that Phe is likely active as a dimer. In addition to phenol, the Phe protein could utilize various other phenolic compounds as substrates. Site-directed mutagenesis revealed that D75, P261, R262, R269, C349 and C476 are key amino acid residues closely related to the enzyme activity of Phe.
Key Words: Corynebacterium glutamicum; oligomerization; phenol hydroxylase; site-directed mutagenesis Corynebacterium glutamicum, a well-known Gram-positive industrial bacterium widely applied in amino acids and nucleotides production, was recently reported to assimilate various phenolic compounds such as phenol, vanillin, ferulic acid, benzoate, 4-hydroxybenzoate, 2,4-dichlorobenzoate, and other aromatic compounds (Qi et al., 2007; Shen et al., 2004 Shen et al., , 2005a . Indeed, C. glutamicum has recently been successfully used for the large-scale remediation of phenol-contaminated soil and water (Lee et al., 2010a; Shen and Liu, 2005) . In addition, efforts have been made recently to produce amino acids from aromatic feedstock such as phenol and naphthalene (Bott, 2007; Lee et al., 2010a, b) . This newly defined amino acid production processes provide an alternative pathway in bioremediation/bioconversion of phenolic pollutants in C. glutamicum. Although most of the pathways and enzymes involved in the assimilation of aromatic compounds have been characterized in C. glutamicum (Shen et al., 2005a (Shen et al., , 2012 , no functional or biochemical information about phenol hydroxylase in the genus Corynebacterium has been reported so far. In this paper, we have biochemically identified the gene phe encoding a single-component, eukaryote-like phenol hydroxylase in C. glutamicum. The recombinant phenol hydroxylase has been purified and its catalytic properties have been characterized.
Materials and Methods
Bacterial strains and culture conditions. Escherichia coli strains were grown aerobically on a rotary shaker at 37°C in Luria-Bertani (LB) broth or on LB agar plates. C. glutamicum strains were routinely grown in LB medium or in mineral salts medium (MSM) supplemented with glucose or aromatic compounds as a carbon source on a rotary shaker (180 rpm) at 30°C (Shen et al., 2005a) . For the generation of mutants and maintenance of C. glutamicum, BHIS medium (brain heart broth with 0.5 M sorbitol) was used. C. glutamicum RES167, a restrictiondeficient strain derived from C. glutamicum ATCC 13032 was the parent of all derivatives used in this study (Tauch et al., 2002) . Cellular growth was monitored by determining the optical density at 600 nm. When needed, antibiotics were used in the following concentrations: Chloramphenicol, 20 µg ml -1 for E. coli and 5 µg ml -1 for C. glutamicum; Kanamycin, 50 µg ml -1 for E. coli and 25 µg ml -1 for C. glutamicum; Nalidixic acid, 40 µg ml -1 for C. glutamicum. DNA manipulations. General DNA manipulations, transformations and agarose gel electrophoresis were carried out by applying standard molecular techniques. Restriction enzyme digestion, ligation, and plasmid purification were carried out in accordance with the manufacturer's instructions (TaKaRa, Dalian, China). PCR reaction was performed with EasyTaq or EasyPfu DNA polymerase (TransGen Biotech, Beijing, China). Plasmids were isolated with the plasmid DNA miniprep spin columns (TIANGEN, Beijing, China), and DNA fragments were purified from agarose gels by using the TIANGEN gel extraction kit (TIANGEN, Beijing, China) . DNA sequencing and primer synthesis were carried out by Sangon Biotech (Shanghai, China). Plasmid construction. The gene encoding C. glutamicum phenol hydroxylase (phe) was amplified by PCR using genomic DNA of C. glutamicum RES167 as a template with primer phe-F/phe-R. The resulting DNA fragments were digested with NdeI/NotI, and subcloned into a similar digested pET28a vector, obtaining plasmid pET28a-phe.
Primer name Prime sequence(5′-3′)
Restriction site The plasmid pK18mobsacB-phe was used to construct the phenol hydroxylase gene deletion mutant in C. glutamicum. The 894 bp upstream PCR product and 824 bp downstream PCR product of the phe gene were amplified using the primer pairs Dphe-F1/Dphe-R1 and Dphe-F2/Dphe-R2, respectively. In the next step, the upstream and downstream PCR fragments were fused together with primer pairs Dphe-F1/Dphe-R2 by overlapping PCR, and the resulting DNA fragments were digested with BamHI/ XhoI and inserted into similar digested suicide plasmid pK18mobsacB to create pK18mobsacB-phe.
To complement the phenol hydroxylase gene deletion mutant in C. glutamicum, primers pherbs-F and phe-R were used to amplify the intact phenol hydroxylase gene fragments from C. glutamicum RES167 genome. The resulting DNA fragments were digested with KpnI/XbaI and subcloned into similar digested pXMJ19 vectors to produce the plasmid pXMJ19-phe.
The lacZ fusion reporter vector pK18mobsacB-P phe ::lacZ was constructed by fusing the phe promoter P phe with the lacZ reporter gene by overlapping PCR and cloned into the pK18mobsacB vector. In the first round of PCR, the 1000 bp phe promoter and the lacZ DNA fragments were amplified with primer pairs P phe -F/P phe -R and lacZ-F/lacZ-R, respectively. Then the PCR products were used as a template in the second round of PCR with primers P phe -F and lacZ-R, and the resulting PCR fragment was digested with SalI/PstI and inserted into the SalI/PstI site of the suicide vector pK18mobsacB digested identically to get the pK18mobsacB-P phe ::lacZ fusion. All primers used in this study are listed in Table 1 . The fidelity of all constructs was confirmed by DNA sequencing (Sangon Biotech, Shanghai, China). In-frame deletion of gene phe in C. glutamicum. To construct the in-frame deletion mutant of phenol hydroxylase Phe in C. glutamicum, plasmid pK18mobsacB-phe was transformed into C. glutamicum RES167 by electroporation, and chromosomal integration was selected by plating on LB agar plates supplemented with kanamycin and nalidixic acid (Shen et al., 2005b) . The deletion mutant was subsequently screened on LB agar plates containing 20% sucrose and nalidixic. Then the resulting strain ∆phe was confirmed by PCR screening and DNA sequencing as previously described. Site-directed mutagenesis. PCR-based site-directed mutagenesis was performed by the use of a Quikchange sitedirected mutagenesis kit (Stratagene) with constructed plasmid pET28-phe as the template. The primers used for D75N, P261S, R262S, R269L, C349S and C476S mutants are listed in Table 1 . Following the PCR reaction, a restriction enzyme DpnI was used to specially digest the original template plasmid that was methylated and hemimethylated, and inactivated in 65°C bath after digestion, then transformed into E. coli BL21(DE3) competent cells to obtain the mutants. The fidelity of mutagenesis was confirmed by DNA sequencing (Sangon Biotech, Shanghai, China). Recombinant protein expression and purification. To express and purify His 6 -tagged phenol hydroxylase and its mutants, the recombinant plasmids were transformed into an E. coli BL21(DE3) host strain. For protein expression, the recombinant strains were grown at 37°C in LB medium supplemented with kanamycin to an OD 600 of 0.4, then induced with 0.6 mM IPTG and cultivated for an additional 16 h at 22°C. The harvested cells were washed with phosphate-buffered saline (PBS) firstly, then disrupted by sonication and purified with the His-Bind Ni-NTA resin (Novagen, Madison, WI) according to the manufacturer's instructions. The purified protein was analyzed by SDS-PAGE electrophoresis that was conducted with a 5% stacking gel and a 12% resolving gel and run in a Mini-PROTEIN II electrophoresis cell (Bio-Rad) according to the manufacturer 's instructions. Then the purified recombinant proteins were dialyzed in a PBS buffer overnight at 4°C and stored at 4°C until being used. Protein concentration was determined using the Bradford assay according to the manufacturer's instructions (Bio-Rad, Hercules, CA) with bovine serum albumin as standard.
Gel-filtration chromatography analysis of purified Phe protein.
The oligomerization state of native Phe was determined by gel filtration using HPLC equipped with a HiLOAD 16/600 Superdex 200 GL column (GE Healthcare, Piscataway, NJ). The column was washed with 50 mM potassium phosphate buffer (pH 7.2) including 0.15 M NaCl at a 0.5 ml/min flow rate. Standard protein markers were: aldolase (158 kDa), conalbumin (75 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa), and ribonuclease A (13.7 kDa). The Kav values for each of the standard proteins were calculated using the equation: Kav = (Ve-Vo)/(Vc-Vo), where Vo = column void volume, Ve = elution volume, and Vc = geometric column volume. The Kav values obtained from the above known standard proteins were plotted against the log of the molecular mass of the standard proteins to form the calibration curve. lar weight of an unknown protein could be determined from the calibration curve once its Kav value was calculated from its measured elution volume. The elution volume was calculated with a 0.5 ml/min flow rate multiplied by the retention time. Construction of chromosomal fusion reporter strains and β-galactosidase activity assay. The lacZ fusion reporter plasmid pK18mobsacB-P phe ::lacZ was transformed into the C. glutamicum by electroporation, and the chromosomal pK18mobsacB-P phe ::lacZ fusion reporter strain was selected by plating on LB agar plates supplemented with kanamycin and nalidixic acid. The lacZ fusion reporter strains were grown in MSM with phenol or phenol coupled with other different substrates as follows: glucose, fructose and succinate at 3 mM and lactate at 1 mM, obtaining 100 µl cultures every 6 h to measure the β-galactosidase activity. The β-galactosidase activities were assayed with o-nitrophenyl-β-D-galactopyranoside (ONPG) as the substrate and performed as described (Miller, 1992) . The enzyme activity data was computed with the formula [1000 × (A 420 -1.75A 550 )]/[OD 600 × culture volume (ml) × reaction time (min)]. The β-galactosidase assay was performed as a mean value of three independent experiments, and the error bars denote standard errors of means (SEM). Phenol hydroxylase activity assay. Phenol hydroxylase activity was determined spectrophotometrically at room temperature by measuring the disappearance of NADPH at 340 nm (Neujahr and Gaal, 1973) . The assay mixture contained 50 mM phosphate buffer (pH 7.0), 0.15 mM NADPH, 1 mM FAD, 1 mM phenol, 1 mM EDTA (Neujahr and Gaal, 1973; Saa et al., 2010) . The bovine serum albumin performed as controls in the reaction system. The reaction was started by adding phenol hydroxylase Phe. One enzyme unit is defined as the amount of enzyme which, in the presence of phenol, causes the oxidation of 1 µmol of NADPH per min (Saa et al., 2010) . The substrate specificity of Phe was measured by applying different substrates (2 mM) into the phenol hydroxylase enzyme activity reaction system. The substrates used were as follows:
Phenol 2+ and Fe 3+ on the phenol hydroxylase activity were determined via adding them at the final concentration of 1 mM in the assay mixture, respectively. Sequence data analysis. Sequence alignment and database searches were carried out using BLAST programs at the BLAST server of National Center for Biotechnology Information (NCBI) website (http:// www.ncbi.nlm.nih.gov). The construction of a phylogenetic tree was made with the MEGA6.0 program.
Results

Sequence analysis of a putative phenol hydroxylase in C. glutamicum
Previously, we have shown that C. glutamicum is able to use phenol as the sole carbon and energy source for growth and the metabolism of phenol occurs through the catechol branch of the β-ketoadipate pathway (Shen and Liu, 2005 Fig. 2 . The growth curves of C. glutamicum wild type (WT), phe mutant (∆phe) and the complementary strain (∆phe-com).
All strains were cultivated in a mineral salts medium with 6 mM phenol as the sole carbon and energy source. The expression of the phe gene in the P phe ::lacZ chromosomal fusion reporter strain grown with indicated carbon and energy sources was analyses by β-Galactosidase assay. Error bars represent the standard deviations (SD) from three different determinations. lase (phe) was identified, which was located in the C. glutamicum genome (GenBank accession No. NC003450) from 2849936 bp to 2851819 bp, encoded in a protein of 627 amino acid residues with a theoretical molecular mass of 70 kDa and a pI of 4.92. According to phylogenetic tree analysis, the enzymes Phe in C. glutamicum were more phylogenetically closer to the phenol hydroxylase in yeast than in bacteria (Fig. 1) . The amino acid sequence of Phe shares a 31% identity with phenol hydroxylase from Trichosporon cutaneum (Enroth et al., 1998) , and shares 19%, 15% and 15% identities with phenol hydroxylase from Pseudomonas pickettii PKO1 (Kukor and Olsen, 1990) , Bacillus thermoglucosidasius A7 (Kirchner et al., 2003) and Bacillus stearothermophilus BR219 (Kim and Oriel, 1995) , respectively (Table 2) . Interestingly, the putative phenol hydroxylase in C. glutamicum did not show a significant similarity with either multi-component or twocomponent phenol hydroxylases that are widely distributed in bacteria.
The putative phenol hydroxylase gene is involved in phenol degradation
To investigate whether the putative phenol hydroxylase Phe was involved in phenol degradation in C. glutamicum, the phe gene was deleted and the in-frame deletion mutant ∆phe was obtained. The disruption and complementation of the phe gene was verified by PCR and DNA sequencing. As shown in Fig. 2 , the ∆phe mutant strain showed a remarkably reduced ability to grow with phenol as the sole carbon and energy source, and the growth defect was fully restored in the complementary strain (∆phe-com) containing a plasmid harboring the intact phe gene (pXMJ19-phe). Further, a chromosomal transcriptional reporter fusion P phe ::lacZ was used to investigate whether the phe gene expression was specifically induced by phenol. As expected, the phe promoter activity was strongly activated with phenol as the sole carbon and energy source, but the activation of the phe promoter activity was not observed when cells were cultivated with glucose, fructose and lactate (Fig. 3) . Based on these results, it is clear that the gene phe encodes a substrate-induced phenol hydroxylase crucial for the degradation of phenol in C. glutamicum.
Expression of the phenol hydroxylase gene is subjected to carbon catabolite repression
The expression of genes for the degradation of aromatic compounds was reported to be controlled by carbon catabolite repression (CCR), an energy saving response of microorganisms allowing the preferred assimilation of readily metabolizable substrates over others (Shingler, 2003; Zhan et al., 2009; Zimmermann et al., 2009) . To investigate whether the expression of the phe gene is controlled by CCR, we cultured the lacZ reporter strain in a mineral salts medium with phenol or phenol coupled with different other substrates to determine the expression yield of phenol hydroxylase. The results showed that while only phenol functioned as the sole carbon source, the β-galactosidase acitivity increased with cultures growing and reached the highest value at 18 h. Once the phenol was used up after 20 h, the β-galactosidase activity decreased accordingly. However, the β-galactosidase activities in cells growing on phenol plus glucose, fructose or lactate were not detected until 18-24 h later and lower than those in cells growing on phenol alone (Fig. 3 ). These results demonstrate that the expression of Phe in C. glutamicum is inhibited by glucose, fructose and lactate, and this inhibition is relieved after these readily metabolizable substrates were consumed. The reaction mixture contained 50 mM potassium phosphate (pH 7.5), 1 mM FAD, 1 mM EDTA, and 30 µg purified enzyme. One of the two substrates was at saturating concentration as indicated. Concentration of the other substrate was varied. The enzyme activity was measured at room temperature and the reaction started by adding enzyme. (A) 0.3 mM NADPH, phenol is variable. (B) 1 mM phenol, NADPH is variable. (A) The influence of pH on the activity of purified Phe. The reaction buffer was 50 mM potassium phosphate varying from pH 6.5 to 9.0. (B) The influence of temperature on the activity of purified Phe. The activity was determined at temperatures varying from 30 to 55°C. The assay mixture contained 50 mM potassium phosphate buffer (pH 7.5), 150 µM NADPH, 1 mM EDTA, 1 mM FAD, and 1 mM phenol. 30 µg purified enzyme was added to start the reaction.
Expression and purification of the C. glutamicum phenol hydroxylase Phe
To further identify the biochemical function of the phenol hydroxylase from C. glutamicum, we expressed the recombinant Phe in E. coli BL21 (DE3) as an N-terminal His 6 -tagged fusion protein. Soluble and active phenol hydroxylase was purified to apparent homogeneity by Ni 2+ -NTA affinity chromatography. SDS-PAGE of the phenol hydroxylase showed a single band with an apparent molecular mass of 70 kDa, corresponding to the theoretical molecular mass of His 6 -Phe deduced from its amino acids sequence (Fig. 4A) . The oligomerization property of purified Phe was further examined by analytical gel-filtration chromatography analysis. A sharp peak occurred at the elution time of 5.48 min in the gel-filtration chromatography analysis; however, gel-filtration chromatography analysis of the phenol hydroxylase pre-incubated with phenol (1 mM) at 4°C for 30 min resulted in the appearance of a new peak next to the peak corresponding to the phenol hydroxylase monomer (Fig. 4B ). This result indicates that the native Phe eluted from the column may exist as a monomer, however, it would be dimerized in its working condition, induced by phenol.
Biochemical properties of the C. glutamicum phenol hydroxylase
The specific activity of the purified phenol hydroxylase determined was 0.3 mmol·min -1 ·mg -1 when assayed with NADPH as the cofactor at room temperature, pH 7.4. Its activity was reduced by 84% when NADPH was replaced by NADH, indicating its preference for NADPH as a cofactor. Km values of the two substrates of phenol hydroxylase were determined by the Levenberg-Marquardt algorithm as follows: Km NADPH = 284 µM, Km phenol = 256 µM, respectively (Fig. 5) . The activity of phenol hydroxylase was severely restrained when the concentration of phenol exceeded 2 mM in the assay system, possibly due to the inactivation of the enzyme by toxic substrate at a high concentration.
By adding flavin adenine dinucleotide (FAD) to a final concentration of 15 µM, the phenol hydroxylase activity was increased approximately three-fold, implying that the flavin cofactor was partially lost during the purification.
The maximum enzyme activity was exhibited at pH 8.0 in the pH range 7.0 to 9.0 of the phosphate buffer (Fig. 6A) , and at 45°C in the temperature range from 30 to 50°C (Fig.  6B) .
The phenol hydroxylase activity was severely inhibited by the addition of 1 mM of various metal ions, including Fe 2+ , Fe 3+ , Zn 2+ and Ni 2+ , and moderately inhibited by the addition of Co 2+ or Cu 2+ . However, the addition of 1 mM Mn 2+ and Mg 2+ enhanced its activity by 21% and 19%, respectively (Table 3 ). The improvement of enzyme activity may be attributed to keeping the stability of enzymatic quaternary structure by metal ions, or a steric interaction between the metal ions and the key amino acids related (Ho et al., 2005; Valenzuela et al., 2003) .
The phenol hydroxylase had a relatively broad substrate spectrum. It showed 28%, 48% and 50% activities towards paramonochlorphenol, hydroquinone and mdihydroxybenzene, respectively, compared to the activity towards phenol. The enzyme activity to hydroxybenzoate is insignificant however, in the range of 10-20% of the activity towards phenol. Also, the phenol hydroxylase showed just 10% activity towards naphthol compared with phenol (Table 4) .
Site-directed mutagenesis analysis of the phenol hydroxylase from C. glutamicum
Based on sequence alignment, multiple conserved residues between Phe and other phenol hydroxylases were identified. Among them, D75, P261, R262, R269 were Phe and mutants activity was assayed according to the phenol hydroxylase activity assay in "Materials and Methods". The relative activity is expressed as the percentage of the activity of site-directed protein towards wild type Phe protein. Table 3 . Effects of metal ions on the activity of phenol hydroxylase Phe.
Phe activity was determined as the phenol hydroxylase activity assay in "Materials and Methods". Results are shown as percentages of the control activity without metal ions. All the cations were added as chlorides. Table 4 . Substrate specificities of phenol hydroxylase Phe.
Phe activity was assayed according to the phenol hydroxylase activity assay in "Materials and Methods" with 2 mM various phenolic compounds as substrates, respectively. The relative activity is shown as the percentage of the activity towards 2 mM phenol. supposed to form hydrogen bonds with the N or O atoms of FAD, and then changed the regional structure of protein to complete the catalysis reaction (Enroth et al., 1998; Taylor and Massey, 1991; Xu et al., 2001) . To investigate whether these conserved residues are important for the catalytic activity of Phe, site-directed mutants were constructed followed by in vitro catalytic assay using phenol as the substrate in the presence of NADPH. Interestingly, the relative enzyme activity values of the D75N, R262S and R269L variants increased by about 2 to 4 fold compared with the wild type (Table 5) . On the contrary, the activity of the P261S, C349S and C476S decreased notably (Table 5 ). Further investigation of the role of these sites should be informative for understanding the function mechanism of the C. glutamicum phenol hydroxylase.
Discussion
In the present study, we have identified the enzyme encoded by the phe gene in C. glutamicum as phenol hydroxylase and characterized the activity by cloning and expressing in E. coli BL21 strains. A quite interesting phenomenon is that Phe has a close genetic relationship with phenol hydroxylase in the yeast Trichosporon cutaneum, but has distant phylogenetic relationships with either multi-component or two-component phenol hydroxylases that are widely distributed in bacteria. This suggests that the evolution history of C. glutamicum phenol hydroxylase is quite unusual. Similar phenomenon was reported for QsuD (quinate/shikimate dehydrogenase), QsuC (dehyroquinate dehydratase), and QsuB (dehyroshikimate dehydratase), the three proteins involved in quinate metabolism in C. glutamicum. QsuD, QsuC and QsuB are not homologous to their counterparts such as QuiA, QuiB, and QuiC in bacteria, instead, they can be classified into the families of fungal enzymes QutB, QutE, and QutC (Teramoto et al., 2009) .
Previous studies have shown that the enzymes involved in gluconate catabolism (gntP and gntK), phosphoenolpyruvate carboxykinase (pck) and alcohol dehydrogenase (adhA) in C. glutamicum, are all subjected to CCR by glucose (Han et al., 2007; Kohl et al., 2008; Letek et al., 2006) . Besides, there is evidence that a cAMP receptor protein (CRP) homologue, GlxR, plays an important role in CCR as well as in central carbon metabolism, including glycolysis, gluconeogenesis and the tricarboxylic acid cycle in C. glutamicum by binding to the upstream regions of several involved genes (Park et al., 2010) . In this study, we found that the induced expression of Phe with phenol was also subjected to CCR repression by some readily metabolizable substrates such as glucose, fructose and lactate (Fig. 3) . Interestingly, a putative GlxR binding site overlapped with the conservative "-10" element of the phe promoter was identified in the phe gene promoter (Fig.  S1 ) by chromatin immunoprecipitation in conjunction with microarray (ChIP-chip) analysis in a previous study (Toyoda et al., 2011) . This suggests that the CCR-controlled phenol degradation was also mediated by GlxR, which represses phe expression by directly binding to the "-10" element of the phe promoter in the presence of other readily metabolizable substrates. However, the detailed mechanism of GlxR in mediation of CCR control of phenol degradation needs to be investigated further in the future.
Crucial information arising from this study is the description of the substrate induced dimerization feature of Phe, extending the knowledge about the monomeric phenol hydroxylase family. According to our SDS-PAGE analysis and native gel-filtration analysis, Phe is identified as a monomeric protein with a native molecular mass of 70 kDa in the purified condition. However, our gelfiltration chromatography analysis showed that Phe protein dimerized when induced with phenol in the active condition. Hence, according to the reports that some protein would be interconvertible between monomer and dimer when binds to ligands (Nan et al., 2006 (Nan et al., , 2010 and the indication of previous researches that protein-protein interactions between the components is essential for the shift of FAD such as alkanesulfonate monooxygenase from E. coli (Abdurachim and Ellis, 2006) and arylamine oxygenase from Pseudomonas fluorescens (Lee and Zhao, 2007) , we considered that chemically induced dimerization (CID) of Phe protein mediated by phenol would take place while induced with the presence of phenol. As we know, CID system has been regarded as a powerful tool for inducible manipulation and specifically control protein homo-and heterodimerization (Corson et al., 2008; Erhart et al., 2013 ). So we consider it feasible that phenol-induced protein complex formation can be exploited to accelerate protein translocation to perform different functions and to activate degradation signaling pathways. Besides, the dimerization of Phe induced by phenol described in this study can be regarded as a widely applicable chemical induced dimerization although the role of dimerization for the biological activities is still elusive.
Similar to the reaction mechanism of other phenol hydroxylases which have been functionally identified, C. glutamicum Phe also contains a conserved active site as a FAD-binding site (Enroth et al., 1998) , and the hydroxylation catalysis of the enzyme also uses NADPH and FAD as cofactors (Enroth et al., 1998; Ingelman et al., 1999; Valetti et al., 2012) . Firstly, NADPH, as an electron donor, provides electrons to protein-bound FAD and reduces FAD to FADH 2 . This proposition is supported by the fact that the enzyme activity was significantly decreased upon FAD being lost. Then, the reduced FADH 2 transfers the electron to phenol and reduces it to the corresponding product, catechol (Ohshiro et al., 2004; Saa et al., 2010) (Fig. S2) . Having elucidated the mechanism of the FAD movement and the role it plays in the hydroxylation of phenol in Trichosporon cutaneum, and owing to the rather high similarity between the Phe and phenol hydroxylase in Trichosporon cutaneum, we determine several key residues in Phe involved in catalyzing the reaction according to the conservatism analysis of the two protein sequences (Xu et al., 2001 (Xu et al., , 2002 . Therefore, we constructed several mutant forms of Phe that may be related in the catalysis process. We found that the mutation of residues Asp75, Arg262, and Arg269 could significantly increase the activities of Phe while Pro261, Cys349 and Cys476 caused decreased activities in varying degrees, implicating their important roles in hydroxylation process. According to homologous analysis, the residues Asp75, Pro261, Arg262 and Arg269 are similar to the active sites related to FAD-binding in phenol hydroxylase in Trichosporon cutaneum (Enroth et al., 1998) . These residues are supposed to form hydrogen bonds with the N or O atoms of the oxidized FAD or the reduced FAD, and then changed the regional structure of protein to complete this reaction (Taylor and Massey 1991; Xu et al., 2001) . Hence, the mutation of Asp75, Pro261, Arg262 and Arg269 likely result in an unstable construction of the flavin, which would make it quite difficult for FAD to combine with Phe (Enroth et al., 1998; Koike et al., 1998) . Finally, having demonstrated that Phe enzyme activity is FAD-dependent and a signature sequence for FAD binding, further research on the structural and functional mechanism of this novel type of single component phenol hydroxylase Phe in which FAD acts both as a substrate and as a prosthetic group should be quite beneficial. Fig. S1 . Analysis of the phe gene promoter.
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The putative GlxR binding site in the phe promoter is shown in a box. The putative transcriptional start point (TSP) is marked with a bent arrow, and the proposed -10 and -35 elements are underlined. The ATG start codon of the phe ORF is marked in bold. The promoter analysis was performed at the Softberry website (http://www.softberry.com/ berry.phtml?topic=bprom&group=programs&subgroup=gfindb). 
